Abstract : Syndecans are transmembranous heparan sulfate proteoglycans (HSPGs) with covalently attached glycosaminoglycan side-chains located on the cell surface. The mammalian syndecan family is composed of four types of syndecans (syndecan-1 to -4). Syndecans interact with the intracellular cytoskeleton through the cytoplasmic domains of their core proteins and membrane proteins, extracellular enzymes, growth factors, and matrix components, through their heparan-sulfate chains, to regulate developmental processes.
INTRODUCTION
Syndecan is a HSPG that consists of core protein and covalently coupled glycosaminoglycan chains. It is a member of the type I transmembrane protein family (1) (2) (3) . There are four types of syndecan genes in mammals (Syndecan-1 to -4). Syndecan-1 is the major syndecan in epithelial cells. Syndecan-1 knockout mice show delayed cutaneous and corneal wound healing (4) , as well as increased leukocyte-endothelial interactions, and angiogenesis (5) . Syndecan-2 is predominates in fibroblasts. It regulates actin skeletal organization of the Lewis lung carcinoma-derived cells by interacting with fibronectin (6) . Syndecan-3 is abundant in neuronal cells, and syndecan-3 deficient mice show enhanced long-term potentiation
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Taro Muto 1) , Keiko Miyoshi 1) , Seiichi Munesue 3) , Hiroshi Nakada 3) , Minoru Okayama 3) , Takashi Matsuo 2) , and Takafumi Noma and impaired hippocampus-dependent memory (7) . Syndecan-4 is widely distributed and is thought to be an important cell-surface receptor in wound healing and angiogenesis (8) .
The core proteins of syndecans consist of extracellular, transmembrane, and cytoplasmic domains (9) (Fig. 1) . Heparan-sulfate chains are linked to their extracellular domains (2, 3) . These heparan sulfate glycosaminoglycan chains contribute specific properties to syndecan molecules, because they bind to and modulate the activity of extracellular matrix components, growth factors, and proteinase inhibitors, and are thought to influence many developmental processes including tooth morphogenesis (2, 3) .
Amelogenesis is divided into three stages : presecretory, secretory, and maturation (10) (11) (12) . The presecretory stage of amelogenesis is carried out by the epithelial cells facing dental pulp or dentin. The epithelial layer facing pulp is called the odontogenic organ, whereas that facing dentin is a part of the enamel organ. The odontogenic organ is further divided into posterior and anterior portions, which are characterized by the multiple and the single layers of outer dental epithelium, respectively. In the secretory stage, ameloblasts elongate their shape, secrete enamel proteins, and face the enamel matrix. Tome's processes appear at this stage. At the maturation stage, the ameloblasts become shorter and enamel matrix undergo degradation of residual proteins, removal of water, and deposition of calcium and phosphate for the final mineralization.
Previously, expression of syndecan-1 and -2 was examined in mouse molars. Syndecan-1 expression was transiently seen in the enamel epithelium and the dental mesenchyme at the bud stage, and appeared again in the stratum intermedium and stellate reticulum at the bell stage (13) (14) (15) . In contrast, the highest amounts of syndecan-2 were observed at the bell stage. The strong expression is restricted to mesenchymal cells in the dental sac mesenchyme, and later to the alveolar bone and differentiating odontoblasts (16). However, the differential roles of syndecan isoforms during tooth amelogenesis has not been fully elucidated since (i) the distribution of HSPGs detected by anti-heparan sulfate antibody was not same as those of syndecan-1 and -2 (16), but (ii) there are no reports on the other syndecan isoforms, syndecan-3 and -4.
In this study, we determined the localization of all four syndecan isoforms to investigate their roles in amelogenesis by immunohistochemistry using lower incisors of postnatal day 1 mice. There are several advantages to use the incisors of postnatal day 1 mice as the experimental materials as follows, (i) it is unnecessary to wait for animals to be adult, (ii) the decalcification step of enamel organ, which takes long time and sometimes brings the artifacts or less sensitivity of the specific targets in immunohistochemical analysis of the organ, is dispensable, (iii) one can survey the major events of amelogenesis, from the proliferation of undifferentiated ameloblasts to the mineralization event of the enamel, at a glance. Thus, to determine the distribution of syndecans in the tissue of wild-type animals contribute to both studies to analyze the amelogenesis in the syndecan deficient animals, and to examine the distribution of syndecans in animals deficient in amelogenesis. Our present study supplied the method to detect syndecans, and the normal controls of their expression patterns, as well as the possible roles of syndecans in amelogenesis are speculated.
MATERIALS AND METHODS
Tissues and Antibodies
Mandibles including incisors were excised from ICR mice at P1. The tissue samples were fixed with 4% paraformaldehyde in phosphate buffered saline (PBS) for 4 h at room temperature. For immunohistochemistry, 8-12-μm sections of paraffin-embedded tissues were used.
Polyclonal rabbit IgG antibodies were raised against the extracellular domains of mouse syndecan-1, -2, -3, and -4 (SN1Ab, SN2Ab, SN3Ab, and SN4Ab, respectively) (17) . Pre-immune rabbit IgG was used as a control. Mice were maintained and treated in accordance with the guidelines for Animal Experiment at The University of Tokushima Graduate School, and the experimental protocols were approved by the Committee of the Ethics on Animal Experiment at The University of Tokushima Graduate School.
Reverse transcription-polymerase chain reaction (RT-PCR)
Lower jaws were excised from three ICR mice at postnatal day 1 (P1). Total RNA was extracted from the jaws using TRI reagent (MRC ; Cincinnati, OH) by following the manufacturer's instructions. Total RNA from the jaws was reverse transcribed with oligo dT primer using an RNA PCR kit (AMV) ver. 3.0 (Takara Bio ; Ohtsu, Japan). Amplification of syndecans and GAPDH transcripts was done by an initial denaturing step of 94! !for 6 min followed by 40 cycles of polymerase chain reaction (PCR) (94! ! for 30 s, 57! !for 30 s, 72! !for 1 min), using Taq DNA polymerase (Promega ; Madison, WI). The primers used were as follows : syndecan-1 forward : 5 ' -TCT GAC AAC TTC TCT GGC TCT GG-3 ' , and reverse : 5 ' -GCT GTG TTC TCC CCA GAT GTT TC-3 ' (545 bp), syndecan-2 forward : 5 ' -CAC AGA CGT GTA CAC CGA GAA AC-3 ' , and reverse : 5 ' -CTG CTA TTC ACA GAA CAC TGC AGA TG-3 ' (444 bp), syndecan-3 forward : 5 ' -ACT AGA GCG GAA GGA GGT GCT C-3 ' , and reverse : 5 ' -AAC CAG GGC TTC CTT CCT CTT G-3 ' (474 bp), syndecan-4 forward : 5 ' -TGC TGG CGG CTC GGA TGA CTT TG-3 ' , and reverse : 5 ' -CTG CCA AGA CCT CAG TTC TCT C-3 ' (290 bp), and GAPDH forward : 5 ' -CAT TGA CCT CAA CTA CAT GG-3 ' , and reverse : 5 ' -CTC AGT GTA GCC CAG GAT GC-3 ' (724 bp). The PCR products were sequenced by an ABI PRISM 3100-Avant Genetic Analyzer (Applied Biosystems ; Lincoln Centre Drive, Foster City, CA) using primers used for PCR amplification and their identities were confirmed.
Immunohistochemistry
Sections on glass slides were deparaffinized in xylene, and substituted with ethanol followed by PBS. Intrinsic alkaline phosphatase activity was removed by using 3% hydrogen peroxide in methanol for 20 min at room temperature. After treatment of the sections by microwave with antigen unmasking solution (Vector Laboratories Inc. ; Burlingame, CA), sections were blocked with PBS supplemented with 4% bovine serum albumin (BSA) and 3% normal horse serum for 30 min. Incubation of sections was performed with primary antibodies diluted with 1% BSA-PBS (30 μg/ml for SN1Ab, SN2Ab, and SN4 Ab, 10 μg/ml for SN3Ab, and 1 : 2000 dilution for anti-collagen type IV antiserum) at 4! !overnight, followed by incubation with horseradish peroxidaselabeled anti-rabbit Ig polyclonal antibody (Histofine Simple Stain Rat MAX-PO (R)) (Nichirei ; Tokyo, Japan). Finally, peroxidase activity was developed in Histofine Simple Stain DAB solution (Nichirei). The sections were counterstained with hematoxylin, dehydrated, and mounted. Sections from three to five mice were examined for each staining.
RESULTS
RT-PCR analysis of syndecan expression in the mandibles of P1 mice
Prior to the immunohistochemical analyses of syndecans, the expression of syndecans in the mandibles of ICR mice at P1 was examined by RT-PCR, the most sensitive system to detect gene expression. The mandibles contain apical loops, immature and mature enamel organs, dental pulp, and the surrounding epithelial cells of the continuously growing incisors. Total RNA was extracted from the mandibles, and RT-PCR analysis was performed to examine which syndecans were expressed. Specific PCR products were obtained from each reaction, indicating that all syndecan genes are expressed in the mandibles of P1 mice (Fig. 2) .
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Localization of mouse syndecan core proteins in the lower incisors
The fact that each syndecan gene was expressed in the mandibles led us to study the immunohistochemical localization of syndecans in the tissues, especially in the incisors, in which all stages of amelogenesis can be seen in one section. Tissue slices along the longitudinal axis of incisors were stained with rabbit polyclonal antibodies raised against extracellular portions of mouse syndecan core proteins. The specificity of the antibodies was confirmed in the previous study (17, 18) .
Syndecan-1 was detected inside the apical loop and the surrounding region (Fig. 3a) . In the anterior portion of the odontogenic organ in the presecretory stage, syndecan-1 was strongly detected in inner enamel epithelium (ameloblasts), stratum intermedium, and outer enamel epithelium (Fig. 3a  and f) . In pulp, most of the cells expressed syndecan-1, but pre-odontoblasts did not (Fig. 3a) . In addition, the cells surrounding the outer enamel epithelium strongly expressed syndecan-1 (Fig. 3a) . In the presecretory stage of the enamel organ, no syndecan-1 staining was observed in ameloblasts or odontoblasts (Fig. 3a) . Stratum intermedium and outer enamel epithelium were strongly stained with antisyndecan-1 antibody (Fig. 3a) . Moreover, the pulp and the cells surrounding the outer enamel epithelium moderately expressed syndecan-1 (Fig. 3a) . In the secretory stage, syndecan-1 staining was detected in the stratum intermedium, the papillary cells, and their surrounding cells, while no syndecan-1 staining was seen in ameloblasts or odontoblasts ( Fig. 3a and k) . In the maturation stage, syndecan-1 staining was detected in the stratum intermedium, the papillary cells and their surrounding cells, and not in the ameloblasts or odontoblasts (Fig. 3a) .
In contrast to syndecan-1, expression of syndecan-2 was slightly detected in the apical loop and in the cells surrounding the apical loop (Fig. 3b) . In the anterior portion of the odontogenic organ in the presecretory stage, syndecan-2 was slightly stained in the inner enamel epithelium (Fig. 3b  and g ). In the presecretory stage of the enamel organ, syndecan-2 was detected in ameloblasts, especially in the nuclei and the apical side, the stratum intermedium, and the outer enamel epithelium ; however, there was no staining in the stellate reticulum (Fig. 3b) . In odontoblasts and the surrounding cells of the outer enamel epithelium, syndecan-2 was moderately stained, and a little expression was observed in the pulp (Fig. 3b) . In the secretory and maturation stages, syndecan-2 was strongly detected in ameloblasts, odontoblasts, and the stratum intermedium, and slightly in the papillary cells, their surrounding cells, and the pulp (Fig. 3b and l) .
Expression of syndecan-3, similar to syndecan-2, was slightly detected in the apical loop and the surrounding dental pulp (Fig. 3c) . Moreover, syndecan-3 was barely observed in the inner enamel epithelium in the anterior portion of the odontogenic organ in the presecretory stage ( Fig. 3c and h ). In the presecretory stage of the enamel organ, syndecan-3 was stained in ameloblasts (nuclei and cytosol), the stratum intermedium, and the outer enamel epithelium (Fig. 3c) . In addition, syndecan-3 was expressed in odontoblasts and the surrounding cells of the outer enamel epithelium, and was slightly detected in the pulp (Fig. 3c) . In the secretory and maturation stages, syndecan-3 was detected in ameloblasts, odontoblasts, the stratum intermedium, the papillary cells and their surrounding cells, and the pulp (Fig. 3c and m) .
Syndecan-4 expression contrasts with syndecan-1 and is similar to that of both syndecan-2 and -3, with some distinctions. Little expression was observed in the apical loop, the surrounding dental pulp (Fig. 3d) , and the inner enamel epithelium in the anterior portion of the odontogenic organ in the presecretory stage (Fig. 3d and i) . In the presecretory stage of the enamel organ, syndecan-4 was slightly stained in this region (Fig. 3d) . In the secretory stage, syndecan-4 was stained in ameloblasts, odontoblasts, the stratum intermedium, and the pulp. 
T. Muto, et al. Differential expression of syndecan isoforms during amelogenesis
However, no staining was seen in the papillary cells and their surrounding cells (Fig. 3d and n) . In the maturation stage, syndecan-4 was stained strongly in ameloblasts (Fig. 3d) . The staining of syndecan-4 was detected in ameloblasts, and modestly detected in odontoblasts, papillary cells, and the pulp region (Fig. 3d) . Further, no syndecan-4 staining was seen in the cells surrounding the papillary cells (Fig. 3d) .
Incisor tissue sections were also stained with normal rabbit IgG as a negative control for the immunohistochemistry (Fig. 3e, j, and o) . The summary of syndecan expression is shown in Table 1 . 
DISCUSSION
Cell surface HSPGs have been thought to play important roles in modulation of the development of multicellular organisms, because of their strategic distribution at the cell surface and their wide functions, as well as their potential to interact with a variety of molecules such as extracellular matrix, growth factors, and their receptors (2, 3). All four syndecan isoforms are expressed at specific stages of embryonic development and in distinct places in mammals (3). For example, lung mesenchyme loses syndecan-1 expression and initiates syndecan-2 expression coincidently with the budding of epithelial bronchus (19) .
In this study, we found that syndecan-1 expression in the inner enamel epithelium is restricted to presecretory zone where the epithelial cells face to mesenchymal cells, and disappears in more differentiated and maturated zones such as secretory and maturation stages, whereas syndecan-2, -3, and -4 expression become stronger in ameloblasts in secretory and maturation stages. Our findings of syndecan expression patterns are similar to those found in various types of tissue morphogenesis, indicating possible roles of syndecans in amelogenesis.
Our data demonstrated that the expression patterns of syndecan-2, -3, and -4 in mouse lower incisors are similar. They were expressed in odontoblasts and ameloblasts in secretory and maturation stages, and in the dental pulp. In addition, they were expressed in the stratum intermedium. These expression patterns suggest that syndecans may have redundant roles in tooth development, consistent with the previous finding of no gross abnormalities in syndecan-4 deficient mice. The finding that there are several types of heparan sulfate chains in developing mouse molars (16) also supports the redundant model of syndecans in tooth development.
However, syndecans in the same regions of incisors may also have distinct roles in tooth morphogenesis, as demonstrated by the previous studies. Both syndecan-2 and -3 are expressed in neurons of developing forebrain of rat, but have different functions (20, 21) . In neurons, syndecan-2 is located in synaptic junctions and is considered to contribute to tight cell-cell adhesion at these sites (20) , whereas syndecan-3 is seen in growth cones and axons, and thought to be concerned with neural outgrowth (21) .
Syndecan-1 expression, which is detected in the region where the inner enamel epithelium faces mesenchymal cells (the odontogenic organ in presecretory stage), but not in the later stages, correlates with the presence of basement membrane between the epithelial and mesenchymal cells of the enamel organ. Previous findings demonstrated that both collagen type IV and HSPG are the components of the basement membrane at the incisors (22) (23) (24) , and collagen type IV in the basement membrane of the enamel organ is removed and degraded by differentiating ameloblasts by means of their engulfing system (25) , and the 72 kDa type IV collagenase (MMP-2) secreted by odontoblasts is also thought to participate in the degradation of the dental basement membrane (26) (27) (28) . Differentiating ameloblasts may decrease the expression of syndecan-1, a possible component of the basement membrane. Alternatively, restricted localization of syndecan-1 in the immature zone may enable the maturation of ameloblasts and odontoblasts, because disappearance of the basement membrane located between them enables the interaction between epithelium and mesenchyme (29) that is necessary for maturation of the enamel organ. HSPGs bind to a wide variety of growth factors using their heparan sulfate chains with different moieties. Their binding to growth factors such as fibroblast growth factor, Wnt, and transforming growth factor-β (TGF-β) family are known to be critical for tissue development (30) (31) (32) (33) (34) (35) . For example, during tooth development, several members of the TGF-β family are known to be necessary to complete amelogenesis. TGF-β1, and bone morphogenic protein (BMP) 2 are shown to induce in vitro ameloblast differentiation (36) . In addition, BMP4 is necessary for ameloblast differentiation and enamel formation (37) . Moreover, it is known that dental pulp in continuously erupting rat incisors expresses at least fourteen genes belonging to the TGF-β superfamily (38) . These findings, together with the expression patterns of syndecan-2, -3, and -4 in the secretory and maturation stages of enamel organ, suggest that these syndecans may contribute to amelogenesis via supporting the activities of these growth factors. This scenario supports the expression pattern of syndecan-2, -3, and -4 in ameloblasts in the later portion of presecretory stage, which precedes the mineralization of enamel. Alternatively, syndecans themselves may regulate ameloblast differentiation, using their potential activity as transcriptional regulators after releasing the intracellular domain by protease cleavage of intramembrane domains like the notch/delta system (39) . Another finding also indicate the possible role of syndecan-4 in amelogenesis through its negative regulation activity for ATF2, a member of activating transcription factor (ATF) subfamily (40), of which phosphorylated form is restricted to secretory to transition zones (41) .
In conclusion, we found reciprocal and redundant expression patterns of syndecan isoforms in the continuously erupting mouse incisors, in which we can survey the whole steps of amelogenesis, from the apical to the incisal end. The results suggest that the syndecan isoforms have both distinct and redundant roles in amelogenesis. The molecular basis of these roles during tooth development remains to be determined as a next step. 
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